There is an increasing recognition that central aortic pressure is more relevant than brachial measure for the prediction and pathophysiology of cardiovascular disease. Central pressure is influenced by the phenomenon of arterial wave reflections returning from the peripheral vasculature, which can be quantified by augmentation index. Accordingly, the primary aim of this study was to determine the association between central augmentation index and arterial blood pressures (BPs), recorded in both the upper and lower limbs. A total of 833 apparently healthy adults of varying ages were studied. All of the BP (brachial and ankle, systolic, mean, diastolic and pulse) measurements were significantly associated with carotid augmentation index. Among them, ankle mean arterial pressure was the strongest correlate of carotid augmentation index (r ¼ 0.51, Po0.0001). This relation remained highly significant even after the influence of potential confounders was accounted for by the partial correlation analyses. Stepwise regression analyses revealed that ankle mean arterial pressure was the strongest independent predictor of carotid augmentation index. Ankle BP is strongly associated with the augmentation of central BP, and this relation is independent of other BP measures (brachial BP).
Introduction
Central systolic blood pressure (BP) reflects the hydraulic load imposed on the left ventricle, and central diastolic BP dictates the coronary perfusion pressure. 1 For these reasons, central pressure has emerged as an important factor underlying the pathophysiology of cardiovascular disease, arguably more so than brachial (peripheral) BP. 2, 3 Central aortic pressure is known to be influenced by the phenomenon of arterial wave reflections returning from the lower body, which can be quantified by augmentation index (AIx). 4, 5 During each cardiac cycle, an incident wave generated from the left ventricular contraction in opposition to central aortic impedance travels distally along the arterial tree. When it encounters an abrupt increase in vascular resistance or impedance mismatch in the peripheral arterial tree, the portion of the wave reflects back and returns to the heart, resulting in the augmentation of central BP. 1 Among various factors that are known to alter the intensity and timing of arterial wave reflection, peripheral resistance of the lower body (for example, lower limbs) has an important role on central pressure augmentation. 1, 6, 7 This is because of the fact that the lower body vasculature is characterized by a considerable degree of arterial branching and structural changes.
Accordingly, the primary aim of this study was to determine the association between lower limb BP and arterial wave reflection. Our working hypothesis was that the mean arterial pressure (MAP) recorded from the ankle is more closely related to central AIx than brachial BP measures.
Materials and methods

Subjects
A total of 833 apparently healthy adults (394 males and 439 females), aged 18-82 years, visited our laboratory once for measurements following the screening for overt cardiovascular and other chronic disease via the health status questionnaire ( Table 1) . The ethnic breakdown of the subjects were 68% Asian, 31% White and 1% Black. The subjects with hypertension, obesity, peripheral artery disease (ankle-brachial pressure index (ABI) o0.9), diabetes mellitus, tobacco smoking, dyslipidemia, a history or presence of coronary artery disease, and a use of cardiovascular-acting medication were excluded. The participants with ABI41.3 were also excluded, because segmental pressure measurements may be artificially increased or not interpretable in patients with non-compressible vessels.
All subjects gave their written informed consent to participate. This study was reviewed by the Institutional Review Boards.
Measurements
Before testing, subjects abstained from caffeine and fasted for at least 4 h. Each subject rested supine for 15 min in a quiet, temperature-controlled laboratory room. Electrocardiogram, bilateral brachial BP and ankle BP, and carotid arterial pulse waves were simultaneously measured in triplicate with a vascular testing device (VP-2000; Omron Healthcare, Bannockburn, IL, USA). 9 This machine was originally developed as a screening device for hypertension, peripheral artery disease (via ankle brachial index), and arterial stiffness (via pulse wave velocity), and this necessitated the use of a BP cuff on each limb (a total of four different cuffs). Carotid arterial pressure waveforms were recorded for 30 s from the left common carotid artery using an applanation tonometry sensor. Bilateral brachial and post-tibial arterial pressure waveforms were recorded for 10 s from the extremities cuffs that are incorporated with plethysmographic and oscillometric pressure sensors. The validity and reliability of this device have previously been reported. 9 Extremities BP and ankle-brachial pressure index Bilateral brachial BP and ankle (posterior-tibial) BP were measured with oscillometric method. This allowed a direct measurement of MAP from the cuff pressure at maximal oscillation and avoided the indirect estimation from systolic BP and diastolic BP. [10] [11] [12] Briefly, when the BP cuffs wrapped around brachial and ankles were inflated to suprasystolic pressure, the oscillation from arterial pulse transmitted to the sensor is minimised. With a subsequent cuff deflation, MAP was recorded at the cuff pressure where the oscillation reached a maximum. [10] [11] [12] Brachial BP and ankle BP obtained from the right side were presented because it is reported to yield slightly higher value than the left arm in healthy population because of the difference in arterial branching pattern. 13 ABI was subsequently calculated as a ratio of the highest ankle systolic BP to the highest brachial systolic BP of both arms.
Augmentation index
Carotid arterial pressure waveforms were recorded from common carotid artery using an applanation tonometry sensor that is incorporated with an array of 15 micropiezoresistive transducers. Advanced multiplexing electronics combined with automatic sensor selection relative to the target artery facilitated and ensured optimal placement of the sensor. A neck collar device was used to secure and stabilize the applanation tonometry sensor. Carotid AIx was calculated as the difference between the first and second peaks of the carotid arterial waveform, expressed as a percentage of the pulse pressure. 4 Carotid AIx, rather than central BP, was used because it is simply expressed as a ratio (%) and does not rely on the calibration for BP.
Brachial-ankle pulse wave velocity
Pulse wave velocity is calculated from the estimated arterial path length between two arterial recording sites divided by transit time, as we have previously reported.
9,14
Statistical Analyses Unpaired t-test was used to compare parameter means between men and women. Paired t-test was used to compare the means of brachial BP and ankle BP measures. To determine the measure of BP that most strongly predicts the variability of carotid AIx, Pearson's product-moment correlation analysis was first performed to examine the relations among the brachial and ankle BP variables and carotid AIx. Partial correlation analyses were used to assess whether the results from the univariate analyses remain significant when the influence of possible confounders are statistically removed. The strength of the correlations were compared using Fisher's Z-test in independent samples (for example, groups with o60 versus 460 years old) and Steiger's Z-test in dependent sample (for example, within all subjects, men or women). 15 Finally, only those BP variables found to be significantly correlated with carotid AIx were entered in the subsequent multiple regression analysis. Forward stepwise multiple regression analysis was performed to determine the relative importance of each independent variable by calculating the changes in R 2 . Multicollinearity was tested by calculating the variance inflation factor 
Results
Subject characteristics are presented in Table 1 . The mean age was significantly higher in women than men (51 ± 16 versus 43 ± 17 years, Po0.0001).
Carotid AIx was significantly higher in women than in men (20±18 versus 0±22%, Po0.0001). Ankle systolic BP was substantially and significantly higher than brachial systolic BP in both men (135±14 versus 120±10 mm Hg, Po0.0001) and women (131 ± 15 versus 116 ± 11 mm Hg, Po0.0001).
Ankle MAP was slightly but significantly higher than brachial MAP in both men (92±9 versus 89±9 mm Hg, Po0.0001) and women (92±10 versus 88 ± 10 mm Hg, Po0.0001).
In all subjects, carotid AIx was significantly correlated with age, height, body mass, heart rate, brachial-ankle pulse wave velocity, ABI and all BP measures (Po0.05; Table 2 ). Among the BP measures, ankle MAP was the strongest correlate of carotid AIx in men, women and the pooled subjects. Figure 1 shows the association between ankle MAP and carotid AIx in men and women. The curvilinear regression model was also tried out, but it did not result in a significantly better fit (P40.05). The relation between carotid AIx and ankle MAP remained statistically significant (Po0.0001) even after the effects of age, sex, race, height, heart rate, brachial MAP and brachial-ankle pulse wave velocity have been controlled via partial correlation analysis. Furthermore, the forward stepwise multiple regression analyses revealed that ankle MAP is the strongest independent physiological predictor of carotid AIx among the BP measures, explaining 34% (b ¼ 0.58, Po0.0001) of its variability in men and 36% (b ¼ 0.60, Po0.0001) of its variability in women. Steiger's Z-test revealed that the correlation between ankle mean BP and carotid AIx was significantly stronger than the correlation between brachial mean pressure and AIx in men (Po0.05), but not in women (P40.05). The analyses in different racial categories consistently exhibited ankle MAP as the strongest independent predictor of carotid AIx in Asians (b ¼ 0.43, Po0.0001), Whites (b ¼ 0.45, Po0.0001) and African-Americans (b ¼ 0.89, Po0.05).
Central AIx is known to increase with aging until about 60 years old and plateau or even decline thereafter. Accordingly, we performed the correlation and regression analyses in the groups of younger and older than 60 years old. Our results indicated ankle MAP was the strongest independent predictor of carotid AIx in both the younger (b ¼ 0.48, Po0.0001) and the older (b ¼ 0.28, Po0.0001) groups. However, the strength of the correlation was significantly (Po0.05) weaker in the older group (r ¼ 0.28, Po0.0001) than in the younger group (r ¼ 0.48, Po0.0001) most likely because agerelated increase in the AIx plateaus at age of about 60 years old.
Discussion
To the best of our knowledge, this is the first study to systematically evaluate the associations between Ankle blood pressure and augmentation index T Tarumi et al central AIx and BP measured from both the upper and lower extremities. The salient finding of the present study was that ankle MAP is the strongest predictor of carotid AIx among the BP recordings. Furthermore, this relation remained significant even when the influence of age, sex, race, height, heart rate, brachial MAP and brachial-ankle pulse wave velocity were statistically accounted for. These results suggest that peripheral vascular resistance of the lower body, as estimated by ankle MAP, contributes importantly to wave reflection and augmentation of central BP.
Central aortic pressure is a composite of a forward travelling (incident) wave and its reflected wave. Incident wave, originated from left ventricular ejection against characteristic impedance, is primarily determined by proximal aortic stiffness and diameter. In contrast, arterial wave reflection is produced when incident wave encounters the peripheral arterial tree where vascular resistance abruptly increases and impedance mismatch is introduced. 1 Although there is still an ongoing controversy as to the amount of relative contributions that incident and reflection waves make to central aortic systolic BP, one prevailing view supported by epidemiological and pharmacological studies suggests that arterial wave reflection is a primary mechanism responsible for elevated central systolic BP. 5, [16] [17] [18] Furthermore, because of the considerable degree of arterial branching and structural changes, the lower body is believed to be the important site of wave reflection and impedance mismatch. 6, 7 Therefore, the finding from this study that lower limb vascular resistance, as estimated by the MAP from ankle, is a stronger contributor to the phenomenon of arterial wave reflection than brachial BP is consistent with the current understanding of haemodynamics. It should be noted, however, that reduced aortic diameter 16 as well as the aortic reservoir (capacitative properties) 19 may also have a role in augmenting central arterial wave reflection.
Carotid AIx increases until about 60 years old and plateaus thereafter. This is thought to be primarily because proportional increases in central arterial stiffness with aging yield closer impedance matching with peripheral muscular artery. 20 In consistent with this, our results demonstrated significantly weaker association between ankle MAP and carotid AIx in the older group (460 years old) compared with younger group (o60 years old) although ankle MAP still remained the strongest predictor of carotid AIx in both groups. Moreover, there are considerable data addressing sex-related differences in cardiovascular system aging. Our results showed that the correlation between ankle MAP and carotid AIx was significantly stronger than the correlation between brachial MAP and AIx in men but not in women. Although we are not certain what accounts for such sex-related differences, there are few potential explanations. First, muscle sympathetic nerve activity to the leg increases to a greater extent with age in women than men. 21 Second, older women, but not men, exhibit blunted hyperaemic and vasodilator responses to graded leg exercise relative to their young counterparts. 22 Thus, our data are consistent with the growing notion of sex differences in cardiovascular system aging. At last, although there is an ongoing controversy regarding race-related difference in central arterial stiffness, 23 the present results were in consistent with our previous report which demonstrated no racial differences in carotid AIx between Asian and White adults. 24 When ankle BP is measured in clinical settings, it is exclusively used in the calculation of anklebrachial pressure index for the diagnosis of peripheral arterial disease. 25 In this perspective, only BP element that catches one's attention is a 'lower' ankle systolic BP relative to brachial systolic BP. Our present population-based study revealed that 'higher' ankle BP, more specifically MAP, was strongly and independently associated with central pressure augmentation, more so than brachial BP. In support of the present findings, Joachim et al. 26 reported that higher ankle systolic BP as well as ABI are associated with increased left ventricular mass. Although their data did not include ankle MAP, it is likely that elevated ankle MAP is also related to increased left ventricular mass from the mathematical standpoint. Given the facts that left ventricular mass increases with augmented afterload and that arterial wave reflection greatly contributes to such relation, the relation Joachim et al. 26 observed may be explained, at least in part, by elevated arterial wave reflection returning from lower body resistance arteries. Although considerable amount of work still needs to be performed in this area, our findings suggest that the addition of ankle BP measurement to conventional upper limb BP measurements may result in an improvement in the current prognosis of future cardiovascular events. More importantly, because ankle BP measurement is easier to perform than central arterial pressure measurement and does not require any special device or skill, it should be readily incorporated into routine clinical practise.
The results of this study may be surprising considering the well spread notion that MAP remains almost steady throughout the arterial tree. 27, 28 However, most of the previous studies simply compared radial artery with central (aortic or subclavian) artery and did not specifically address differences in MAP between upper and lower limbs. Considering the well-established observation that ankle systolic BP is always higher than brachial systolic BP in healthy adults, ankle MAP should be higher than and different from brachial MAP from the mathematical standpoint. Indeed, previous studies using intra-arterial manometer have reported substantial differences between upper and lower limb MAP. [29] [30] [31] There are several important limitations of this study that should not be underscored. First, this
Ankle blood pressure and augmentation index T Tarumi et al study used MAP as a rough estimate of vascular resistance and neglected cardiac output or local blood flow. Second, the current study used oscillometric method to measure BP and a direct recording of BP (for example, intra-arterial manometer) was not performed. However, the oscillometric method is highly suitable for the stated aim of this study as it directly measures MAP instead of calculating from systolic BP and diastolic BP.
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